Integrons are genetic elements that acquire and exchange exogenous DNA, known as gene cassettes, by a site-specific recombination mechanism. Characterized gene cassettes consist of a target recombination sequence (attC site) usually associated with a single open reading frame coding for an antibiotic resistance determinant. The affiliation of multiresistant integrons (MRIs), which contain various combinations of antibiotic resistance gene cassettes, with transferable elements underlies the rapid evolution of multidrug resistance among diverse Gram-negative bacteria. Yet the origin of MRIs remains unknown. Recently, a chromosomal super-integron (SI) harboring hundreds of cassettes was identified in the Vibrio cholerae genome. Here, we demonstrate that the activity of its associated integrase is identical to that of the MRI integrase, IntI1. We have also identified equivalent integron superstructures in nine distinct genera throughout the ␥-proteobacterial radiation. Phylogenetic analysis revealed that the evolutionary history of the system paralleled that of the radiation, indicating that integrons are ancient structures. The attC sites of the 63 antibiotic-resistance gene cassettes identified thus far in MRIs are highly variable. Strikingly, one-fifth of these were virtually identical to the highly related yet species-specific attC sites of the SIs described here. Furthermore, antimicrobial resistance homologues were identified among the thousands of genes entrapped by these SIs. Because the gene cassettes of SIs are substrates for MRIs, these data identify SIs as the source of contemporary MRIs and their cassettes. However, our demonstration of the metabolic functions, beyond antibiotic resistance and virulence, of three distinct SI gene cassettes indicates that integrons function as a general genecapture system for bacterial innovation.
T he impact of lateral gene transfer on bacterial evolution is underscored by the realization that foreign DNA can represent up to one-fifth of a given bacterial genome (1) . Perhaps the most striking embodiment of its affect on microbial adaptation has been the rapid and widespread emergence of similar antibiotic-resistance profiles among phylogenetically diverse Gram-negative clinical and environmental isolates over the last half-century (2) . The localization of antibiotic-resistance determinants to mobile entities such as plasmids and transposons readily explained this phenomenon (3) (4) (5) (6) . Closer examination revealed that in many cases a new type of genetic element, termed an integron, harbored the resistance determinants. Integrons are natural cloning and expression systems that incorporate open reading frames and convert them to functional genes (for review see refs. 7 and 8) . The integron platform codes for an integrase (intI) that mediates recombination between a proximal primary recombination site (attI) and a secondary target called an attC site [or 59-base element (59be)]. The attC site is normally found associated with a single open reading frame (ORF), and the attC-ORF structure is termed a gene cassette (9) (10) (11) (12) . Insertion of the cassette at the attI site, which is located downstream of a resident promoter internal to the intI gene, drives expression of the encoded proteins (13) . Most of the attC sites of the integron cassettes identified to date are unique. Their length and sequence vary considerably (from 57 to 141 bp) and their similarities are primarily restricted to their boundaries, which correspond to the inverse core site (RYYYAAC) and the core site [G2TTRRRY; 2, recombination point (11, 14) ]. More than 60 different antibiotic-resistance genes, covering most antimicrobials presently in use, have been characterized in cassette structures (15) . The stockpiling of exogenous genetic loci to create multiresistant integrons (MRIs) has contributed substantially to the current dilemma in the treatment of infectious disease (2, 8, 15, 16) , as MRIs harboring up to five different resistance cassettes have been described (17) . However, the origin of integrons and their cassettes has remained obscure.
Recently a distinct type of integron was discovered in the Vibrio cholerae genome (18) . Located on the smaller of the two circular chromosomes (19) , this element spans 126 kb and gathers at least 179 cassettes (20, 21) into a single structure termed a super-integron (SI), dwarfing previously identified MRIs. Of particular interest were the observations that: (i) the cassette-associated attC sites, termed VCRs [for Vibrio cholerae repeats (22) ; other repeated sequences are named similarly] displayed a strikingly high degree of sequence relatedness, unlike their counterparts of MRIs; (ii) the attC site of two MRI antibiotic-resistance gene cassettes, CARB4 and dfrVI, was similar to the VCRs; and (iii) the V. cholerae SI cassettes were substrates for the class 1 integrase of MRIs (18) .
These relationships led us to hypothesize that MRIs evolved from SIs through the entrapment of intI genes and their cognate attI sites into highly mobile structures like transposons. Subsequent harvesting of cassettes from various SI sources then led to the establishment of contemporary MRIs. In this scenario, each distinct attC site of MRI cassettes would represent a specific SI cluster containing related attC sites, as in V. cholerae. If SIs are the progenitors of MRIs and their cassettes, then the SI integrases should be active, the cassettes should encode adaptive functions, and SIs should be numerous in the bacterial kingdom. Here, we have demonstrated that the V. cholerae SI integrase is active for site-specific cassette recombination, and we have determined the metabolic function of three SI cassettes: a sulfate-binding protein, a psychrophilic lipase, and a restriction enzyme. Furthermore, a systematic search for SI structures beginning with Vibrio and closely related species and extending to distantly related genera has revealed that this gene acquisition machinery is an ancient system that is widespread among the proteobacteria.
Materials and Methods
Bacterial Strains, PCR, Sequencing, and Phylogenetic Analysis. Bacterial strains were provided by the Collection de l'Institut Pasteur (CIP). All genomic DNA was isolated by using the Qiagen DNEasy Kit. PCR-amplified genes were cloned by using the TA TOPO cloning kit (Invitrogen) and verified by sequencing of the corresponding genomic clones [performed by MWG-Biotech (Ebersberg, Germany), on a Pharmacia 4 ϫ 4 sequencing system or an Applied Biosystems 377 sequencer]. Primers were obtained from Genset (Evry, France) or MWG-Biotech. Alignments were generated with the CLUSTALX (23) software program (version 1.8) and dendrograms were compiled by using the neighbor-joining method (computed from 1,000 independent trials) of CLUSTALW and PHYLIP (24) or TREEVIEW (25) . 16S rRNA sequences were retrieved from GenBank.
Integrase Activity and Cassette Function Assays. The VchintIA gene (Vch indicating the V. cholerae source; other genes are identified similarly) was digested with EcoRI and BamHI after PCR amplification with the primers VINTup (CCGGAATTCTGTA-CAAATAACCAGTTAAAT) and VINTdw (CGCGGATC-CGTGTTATTAAGAAAGGGGAG) and cloned into pUC18 digested with the same enzymes to create pVC3. The substrate plasmids pSU38::CARB4 and pSU38::ORF1-cat have been previously described (18) . Escherichia coli DH5␣ (recA Ϫ ) containing the indicated plasmids was incubated overnight at 37°C with the appropriate antibiotics. Plasmid DNA was prepared and digested with either XbaI (for pSU38::ORF1-cat) or MfeI (for pSU38::CARB4), which cut specifically within the respective cassettes. Samples of both the original and digested plasmid preparations were used to transform E. coli DH5␣. The recombination frequency is the number of ampicillin-sensitive (32 and 34) or chloramphenicol-sensitive (33 and 35) transformants among the number of kanamycin-resistant transformants (average of two independent trials; Table 1 ). The precise location of the recombination event was established by PCR and sequencing of 25 random clones per test set to determine the VchIntIA-dependent recombination frequency.
The sulfate-binding protein cassette of the V. cholerae SI was amplified by PCR with the primers VCR1͞SBP (CGTGAAT-TCTTGAGGCGTTTGTTAGGTTT) and SBP3Ј (ATAG-GATCCTCATTTTTAAACTACCTTTTAC), digested with EcoRI and BamHI, and cloned into pUC18 digested with the same enzymes to create pVchSBP. Complementation of the sulfate auxotroph E. coli sbp͞cysP double mutant, EC2402 (26), was carried out in liquid and solid minimal media containing 0.1 mM sodium sulfate as the sole source of sulfate. The lipase cassette of the Vibrio marinus SI was amplified by PCR with the primers Vmarlip1 (TCTAGACA A ACGTGT TATGCAG-GCGTT) and Vmarlip3 (GAATTCTTATGGTTTTAATGC-GAAAGTTAAAAAG). The product was digested with NdeI and BamHI and cloned into pET3a digested with the same enzymes to give pET3aVml. T7 RNA polymerase-dependent lipase expression in recombinant E. coli BL21(DE3)pLysS was induced by the addition of isopropyl ␤-D-thiogalactoside (IPTG) to a final concentration of 0.5 mM on solid LB medium containing 100 g͞ml ampicillin, 25 g͞ml chloramphenicol, and 0.5% tributyrin as previously described (27) . Positive clones produced a zone of clearing caused by hydrolysis of the lipid in the surrounding medium. Control strains carried the vector without insert.
Identification of the Integrase Genes. A primer to rpmI (L35), R16-1 (CCAAACGCCATTCTGCCTAAG), and VCR1 (18) were used to amplify VmiintIA from Vibrio mimicus genomic DNA. Primers VCR1 and H7-1 (GGACTATGGCAAGTTC-CTCT), which targeted infC (IF3), were used to amplify the entire VmeintIA gene from Vibrio metschnikovii chromosomal DNA. The VmeintIA gene was used to probe a Listonella pelagia HindIII library in pNot218R [modified from the phagemid pTZ18R vector (Pharmacia) to include in-frame NotI sites on both sides of the multiple cloning site]. Single-strand DNA was prepared after infection with M13K07 helper phage. This library was used in a PCR with the M13 forward primer and a set of degenerate intI primers, 17-2C [C(AC)A(AG)(CAT)A-C(AG)TG(CTA)GTGTAGAT]. The PCR product, corresponding to LpeintIA, was cloned and sequenced. This gene was in turn used as a probe to clone a 6-kb Vibrio parahaemolyticus fragment containing VpaintIA from an XbaI library in pNot218R.
On the basis of estimates of the size of the Vibrio SIs, it was assumed that the Vibrio fischeri SI would be more or less equal in length (ca. 3% of the genome). Fifty random clones of a V. fischeri BglII genomic DNA library (in pNot218R) were selected for sequencing, and one was found to contain a short cassette array plus chromosomal DNA with homology to general housekeeping genes, indicative of a clone corresponding to the 3Ј end of the SI. Primers VFR1 (GCAAATCGTGTTGATGCATTT-GTTA) and VFR2 (CAAACGTGTTATGCAGGCGTTA), designed from this sequence, were used in a PCR screen to determine the consensus sequence of the VFRs from several independent clones containing nonoverlapping cassette arrays. A unique conserved restriction enzyme site, NsiI, was identified among the VFRs near the 5Ј end. V. fischeri genomic DNA was digested with NsiI, with the expectation that the enzyme would cut regularly between most of the SI cassettes but less frequently in the rest of the genome. The majority of DNA fragments that hybridized with a VFR-specific probe were less than 2.5 kb, but three larger hybridizing fragments of 3, 4.5, and 6 kb, containing at least one VFR were observed. Rehybridization with the 3Ј end of the SI as a probe gave an intense signal corresponding to the 3-kb fragment. We surmised that the remaining two fragments likely corresponded to either the 5Ј end of the SI or cassette arrays in which the enzyme did not cut. NsiI partial libraries corresponding to the 4.5-and 6-kb regions were constructed in NsiI-digested pMTL22 (28) . Because the NsiI site was located close to the 5Ј end of the VFR, unique fusion primers, NsiFUS1 (GTACCATGGCATGCATTTGTT) and NsiFUS2 (GAG-ATCTCTCGATGCATTTGTT), corresponding to a region of the multiple cloning site of pMTL22 immediately adjacent to and including the NsiI site plus an additional 5 nt specific to the 5Ј end of the VFR sequence were created. These were used in a PCR with VFR2 and the respective libraries as matrix to identify the proper clones. Subcloning and sequencing of the 6-kb fragment unveiled VfiintIA.
Analysis of the available sequencing data [The Institute for Genomic Research (TIGR)] revealed an integron-integrase gene in the genome of Shewanella oneidensis MR-1 (formerly (29) revealed that the XbaI restriction-modification locus of Xanthomonas campestris pv. badrii was coded in a cassette-like structure. SIs were identified in the genomes of several X. campestris pathovars and Xanthomonas spp. as follows: The primers XCR1 (CGTCG-GCTTGAATGAATTGTTA) and XCR2 (GCGCGGCTTA-ACTCAGGTGTT), designed from the attC site of aadA7 were used to PCR amplify several cassettes in X. campestris pv. campestris 100069T. These cassettes were used as probes to clone a 26-kb EcoRI genomic fragment, containing a large portion of the SI cassette array less the integrase gene, in pUC18. The XcaintIA gene was obtained by sequencing of an overlapping 12-kb PstI fragment. The intI gene of Xanthomonas sp. 102397 (XspintIA) and X. campestris pv. badrii (XcaintIB) were cloned by PCR with the primers XCR1 and intI9RHS (ATGCGTG-GCGAACGAATGCCG) designed from the XcaintIA gene. SI Signature Detection Among Various Bacterial Genera. SI structures were identified in various species by PCR amplification of VCR-like cassettes with primers designed to detect the XXRs of closely related species as described above (Vibrio marinus, Vibrio anguillarum, Vibrio salmonicida, and Photobacterium phosphoreum with VCR1 and VCR2 or VFR1 and VFR2) or by Southern hybridization with intI or cassette specific probes (Vibrio hollisae, Vibrio harveyi, Alteromonas macleodii, Pseudomonas pseudoalcaligenes). All PCR products were verified as sharing the characteristics of typical integron gene cassettes (8, 21) . Deposition of Nucleic Acid Sequences. All nucleic acid sequences have been deposited at the National Center for Biotechnology Information (NCBI) GenBank Database. Accession numbers can be found on our website: http:͞͞www.pasteur.fr͞recherche͞ unites͞pmtg͞.
Results
A Conserved Activity for the Integron-Integrases. To verify the evolutionary link between MRIs and the V. cholerae SI, an activity for the SI integrase gene, intI4 (renamed VchintIA, see below), had to be demonstrated. We monitored integrase activity through deletion of a selectable marker caused by VchintIAdependent site-specific recombination. We used as substrates pSU38::ORF1-cat, which harbors a chloramphenicol-resistance gene bordered by two VCRs, and pSU38::CARB4, which contains a carbenicillinase-resistance gene cassette between two attC sites of an MRI (18) . The junctions of 25 recombinant plasmids from each test set were sequenced to ensure that recombination occurred specifically within the GTT triplet of the core site. The results, presented in Table 1 , clearly indicated the presence of a VchintIA-dependent site-specific recombination activity for both cassette substrates that was congruent with the activity of IntI1 (18) , the only other integron-integrase activity demonstrated to date. Furthermore, the residues identified as critical for the recombination activity of IntI1 (30) were absolutely conserved in VchIntIA (see Fig. 3 , which is published as supplemental data on the PNAS web site, www.pnas.org), suggesting that both catalyze recombination by the same mechanism. For intI nomenclature see Table 2 .
SI Distribution.
Among the Vibrionaceae and their close relatives ( Fig. 1) , we have identified SI structures in V. mimicus, V. metschnikovii, V. parahaemolyticus, L. pelagia and V. fischeri. Estimates by DNA hybridization revealed that each of the Vibrio species SI were at least 100 kb, collectively equaling a small genome (for example, Mycoplasma genitalium). Sequencing of a portion of these SI (Ϸ10%) indicated that, as seen for V. cholerae (21) , the majority of the cassette-borne genes had no counterpart in the database, or the sole homologues were unassigned ORFs of viral, bacterial, or eukaryotic origins. Several distinct genera of the ␥-proteobacteria also harbor SI structures, including Shewanella and Xanthomonas. In addition, SIs were recently characterized in Pseudomonas alcaligenes and Pseudomonas mendocina. § SI signatures were obtained by PCR for a gamut of ␥-proteobacteria, including V. harveyi, V. marinus, V. hollisae, V. anguillarum, V. salmonicida, Alteromonas macleodii, Photobacterium phosphoreum, Moritella marina, several Xanthomonas spp. (Collection de l'Institut Pasteur nos. 102336, 102338, and 105155), and Pseudomonas pseudoalcaligenes. Notably, integronintegrase genes were also identified by blast analysis in the genome of Nitrosomonas europaea, a member of the ␤-proteobacterial radiation (U.S. Dept. of Energy sequencing program).
For each SI identified (Table 2) , an intI gene was found to be divergently transcribed from an upstream gene-XXR cluster (in which the first X of XXR denotes the genus and the second X denotes the species in which the repeat occurs). This structure was identical to previously identified MRIs and the V. cholerae SI (8) . Because of the large number of integrases that were found, a species-letter nomenclature system for the intI genes was adopted. For example, the integrase gene of V. cholerae 569B was designated VchintIA and the integrase genes of S. putrefaciens strains 80.40T and 69.34 were designated SpuintIA and SpuintIB, respectively.
Integrons Are Ancient Structures. Dendrograms were constructed to probe the evolutionary relationship between the extent of species and intI gene divergence. These were based on two essential chromosomal markers unlikely to be subject to horizontal transfer (31), the 16S rRNA gene and the rplT gene (coding for the ribosomal L20 protein). Comparison of the 16S rRNA, rplT, and intI trees revealed a robust phylogenetic congruence for the distribution of the species used in this study (Fig. 1) . The extent of divergence between the intI genes adhered to the line of descent among the bacterial species. Consequently, the integrases partitioned in genus-specific clades. The V. cholerae and V. mimicus integrases clustered together, whereas the integrases of V. metschnikovii, V. parahaemolyticus, L. pelagia, and V. fischeri, species on separate lines of descent from V. cholerae according to their 16S rRNA sequences, were more distantly related. This superimposable dispersal pattern was also evident for the integrase genes of the Shewanella and Xanthomonas genera. SonintIA, SpuintIA, and SpuintIA formed a clade, whereas the integrase genes of X. campestris pv. campestris, X. campestris pv. badrii, and Xanthomonas sp. CIP 102397 partitioned in a separate clade. The congruence of the three dendrograms argued for the presence of an integron in the ancestral organism of each genus, and perhaps the ␥-proteobacterial radiation itself, over the independent acquisition of integron platforms (i.e., the intI gene and the attI site) within each lineage. Furthermore, no evidence was found that the SI platforms were mobile. Thus integrons are ancient structures that have been steering the evolution of bacterial genomes for hundreds of millions of years, as the substitution rates calculated by Ochman and Wilson estimate that the Vibrio and Pseudomonas͞Xanthomonas genera separated some 300 -800 million years ago (32) .
Despite their divergence, the integron-integrase genes clearly formed a related but distinct group from the family of site-specific recombinases (Fig. 1C) . Furthermore, the Shewanella integrase genes clustered with intI2 and the Xanthomonas integrases grouped with intI1 and intI3, suggesting that the root for the three classes of MRIs may be within these divisions. Because the catalytic residues were absolutely conserved among all of the SI integrases identified, it can be presumed that they all use the same mechanics for cassette § Vaisvila recombination. Thus, we have opted to group all of the integrase genes within a single, functionally defined class.
Coevolution of the SI Integrase Genes and XXRs.
Comparison of the XXR and intI dendrograms revealed an extraordinary symmetry of divergence among the integron-integrase genes and their cognate SI repeats. The XXRs of closely related intI genes shared extensive similarity. For example, VchintIA and VmiintIA share 83% identity (94% at the amino acid level) and their respective XXRs, the VCRs and VMiRs, converged within a clade. However, VmeintIA was only 69% identical to VchintIA (76% at the amino acid level) and its repeat sequences, the VMeRs, were similarly divergent and formed a separate clade. This pattern of decreasing similarity between the XXRs continued as the divergence between the intIs increased ( Fig. 2A ). This resulted in species-specific clustering of the repeated sequences. However, several repeats were found to group with the bulk of those from another species, such as the VCRcA repeat with the VMeRs. The XXRs of genera remote from the Vibrionaceae were compiled in a separate dendrogram because of their extreme disparity to the VXRs; a meaningful alignment could not be achieved. As seen with the VCRs, tight clustering among the XCRs and XSRs was observed (Fig. 2B) . The anomalous variability among the SPRs is reminiscent of MRIs and may reflect the recent acquisition of exogenous cassettes in this strain. The frequency of cassette genesis, capture, and turnover as well as the overall stability of integron cassette arrays remains to be established. However, it is important to note that the SPRs were distinct from the other XXRs. Thus, the parallel divergence between the intI genes and the XXRs suggests that they are coevolving.
The Metabolic Function of Three SI Cassettes. Three cassettes with the highest homology to genes of known function were tested for activity. A cassette with homology to the sulfate-binding protein (SBP) of E. coli (P score of 9.3e Ϫ111 ) was identified in the V. cholerae SI. In E. coli, an ABC-type transporter and two periplasmic binding proteins, SBP (sbp) and a thiosulfatebinding protein (TSBP, cysP), control the uptake of sulfate and thiosulfate ions for cysteine biosynthesis and other processes. An E. coli sbp͞cysP double mutant, which is sulfate auxotrophic, can be complemented by either gene (26) . We have shown that this V. cholerae SI cassette can restore prototrophy to the E. coli sbp͞cysP double mutant on minimal media containing sodium sulfate as the sole source of sulfur (see Fig. 4 in the supplemental data).
A cassette with homology (P score of 5e Ϫ39 ) to the excreted lipases of psychrophilic bacteria (27) was identified in the SI of V. marinus (a bacterium with an optimum growth temperature of 15°C). This cassette was shown to be actively secreted and functional at 10°C when expressed in E. coli (see Fig. 5 in the supplemental data). We have also shown by PCR, cloning, and sequencing that the restriction endonuclease-DNA modification methyltransferase system of X. campestris pv. badrii [composed of the xbaIR and xbaIM genes, respectively (33) ] is structured as a gene cassette within the SI of this strain (see Materials and Methods).
Discussion
The pivotal role of integron-mediated gene-capture in the evolution of antibiotic resistance among Gram-negative bacteria is well established (8, 15, 16, 34, 35) . However, the apparent bias toward the propagation of resistance gene cassettes by MRIs is likely due to the selective pressure of antibiotic therapy regimes driving the specific capture of resistance cassettes. It is conceivable, as indicated by the varied and unknown origins of the V. cholerae SI cassettes (21) , that any ORF can be structured as a gene cassette. As such, integrons likely play a much broader role in bacterial evolution. In support of this notion, a systematic search has revealed that SIs are present throughout the ␥-proteobacterial radiation. We have shown that the activity of the integrase associated with the V. cholerae SI is identical to that of the class 1 integrase of MRIs, previously the only integronintegrase activity described. We also identified the metabolic activity, other than antibiotic resistance and virulence, of three SI cassettes. Thus, integrons operate as a general gene capture system in bacterial adaptation, and the evolutionary congruence between the integron-integrases and their host bacterium indicates that they have been functioning in this capacity for hundreds of millions of years.
But how is it that genes and attC sites become associated to form cassettes? The characteristics of SIs may yield important clues. The accumulation of highly related repeat sequences within SIs could be interpreted as a substrate-preference profile for the integron-integrases. Accordingly, the variability of the attCs of MRIs could be considered as the result of forced recombination of dissimilar attCs into the integron because of the high and narrow selective pressure of antimicrobial therapy regimes. Although adaptive pressures differ in accordance with the microbial environment, they may be as selective as those of antibiotic therapy regimes. Such conditions should diminish any XXR preference and promote the acquisition of unrelated XXRs so long as they are associated with a useful gene. Furthermore, the integron-integrases can readily function in this capacity, since both IntI1 and VchIntIA have been shown to have an extremely flexible substrate recognition range. Yet, the XXRs remain remarkably uniform. This is of particular importance. It implies that the process of cassette genesis, in particular the mechanism of XXR propagation, occurs within bacteria possessing a SI. Furthermore, it implies that there is an initial Fig. 2 . Phylogenetic relationships of the XXRs. The unrooted dendrograms were compiled from an arbitrary selection of representative repeat sequences from each species harboring a SI. For clarity, branch identifications are omitted for regions of tight clustering and instead are encircled and marked with the type of XXR. XXRs with similarity to the endogenous repeats of another species are indicated by name within the respective encircled regions. The repeat sequences associated with known antibiotic resistance cassettes are boxed and confer resistance to the following compounds: aad, streptomycinspectinomycin; cat, chloramphenicol; qac, quaternary ammonium compounds; CAR, carbenicillin-ampicillin; dfr, trimethoprim. For XXR nomenclature, see Table 2 .
directional flow of cassettes from SIs to MRIs. If SIs are the source of MRI cassettes, the gene cassette pool available to be propagated through mobile integrons is immense.
Our data suggest several ideas regarding integron-mediated lateral transfer. First, that each distinct resistance cassette attC site of MRIs represents a specific SI. Second, that MRIs have evolved from SIs through the association of intI genes and their cognate attI sites with mobile structures. Subsequently, cassettes with dissimilar attC sites were harvested from the many different kinds of SI cassette pools through multiple lateral transfers. Third, as illustrated by the grouping of VCRcA with the VMeRs, the exchange of cassettes between SIs, whether direct or indirect, must also occur. It has been noted that XXRs occur exclusively in intergenic regions. An XXR primer͞reverse transcriptase model for cassette genesis has been proposed to accommodate this observation (36) , but several characteristics of SIs (i.e., the apparent varied origins of the genes, promoter-associated cassettes, and inversely oriented genes) are inconsistent with this hypothesis. The homogeneous yet distinctive nature of the XXRs is an attribute that may reflect an enzymatic or gene-conversion type event governing their propagation. However, the dynamics of cassette genesis remain somewhat nebulous.
Strikingly, one-fifth of the antimicrobial cassettes of MRIs have attC sites virtually identical in length and sequence to the XXRs of the SIs described here. Because the XXRs of SI cassettes are substrates for the class 1 integrase of MRI (18) , this implies that these resistance cassettes originated within these or closely related bacteria. Although a known antibiotic-resistance gene cassette has yet to be definitively identified within these SIs, several potential progenitor cassettes with significant homology (greater than 30% amino acid identity) to aminoglycoside, phosphinotricin, fosfomycin, streptothricin, and chloramphenicol resistance genes have been found. The function of these cassettes remains to be established. However, the phenomenal chemical diversity of naturally occurring antimicrobial compounds (37) and the effects of perpetual evolutionary changes renders precise determination of their function a daunting task.
The potency of the integron system lies in its versatility, that is, the ability to recognize highly variable target recombination sequences and an apparently limitless capacity to exchange and stockpile cassettes. Such flexibility permits rapid adaptation to the unpredictable flux of environmental niches by allowing bacteria to scavenge foreign genes that may ultimately increase their fitness. In the course of natural selection, the acquisition of sbp or lip genes may promote the colonization of new ecological niches, whereas a restriction-modification system may be a defensive measure against, for example, phage infection. Likewise, genes that fail to provide a meaningful function can be readily eliminated. In addi-tion to the plethora of antibiotic-resistance genes, two virulence genes of V. cholerae are also structured as gene cassettes (38, 39) , underscoring the potential of this system to participate in the establishment of pathogenicity islands. Although retained among many extant proteobacterial genera, this system may have been lost in others (for example, the enterobacteria). Genomes are dynamic, and ample opportunities exist for extensive changes in gene order and content to occur. These events can lead to deletion of nonessential genes. Integrons may not be essential systems, and the SI cassettes examined to date seemingly encode adaptive rather than indispensable functions. Thus, deletion of the integron platform may have occurred in certain genera or independently within species. In support of this possibility, one of the Shewanella strains we examined was found to contain only a partial intI gene. Furthermore, other elements exist that allow bacteria to survive adaptive challenges and explore new niches. The participation of bacteriophages in this regard is well documented (for review see refs. 1, 40, and 41) . Even though the integron platform lacks the typical characteristics of bacteriophages (tRNA insertion preference, mobilization genes, terminal flanking direct repeats, and packaging functions), the similarity of the integron system to bacteriophages at the level of the integrase gene, the attachment sites, and the large number of ORFs of unassigned function is intriguing. It is tempting to speculate that the ancestral integron was an immobilized prophage. If so, the integron and phage systems could have diverged to the extent that their functions no longer share any overlap, except for the recombination machinery itself. Although their origin remains elusive, the presence of SIs among diverse Gram-negative bacteria establishes both an ancestry for MRIs and the quintessential role of integrons in adaptive bacterial evolution.
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